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Abstract 
To find the optimal parameter of flame detection for outdoor fire under transverse airflow and illumination environments, experiments 
were carried out in the standard combustion room and outdoors to investigate the characteristics of four candidate flame parameters (RGB 
color, oscillation frequency, contour coefficient and area growth rate). Coefficient of Variance (CV) was introduced to analyze the 
stability of these flame parameters. Experimental conditions included fuels of ethanol and wood cribs, flow velocities of 1.5-8 m/s which 
can simulate the general wind speed. The study results show that, flame RGB color could be affected by illumination while oscillation 
frequency and area growth rate could be influenced by airflow, airflow and illumination had little influence on flame contour coefficient 
and flame contour coefficient is stable and fluctuates within a certain range. Under the comprehensive comparison of the four parameters 
and the calculated Coefficient of Variance of them, flame contour coefficient is the optimal parameter for outdoor fire video detection 
when considering the interference of wind and illumination. The experimental results were also validated by processing the videos of 
China Central Television Station building fire and a construction-in-process building fire. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
d diameter of pool (m) 
f flame oscillation frequency (Hz) 
v airflow velocity (m/s) 
Greek symbols 
Ω  normalized flame contour coefficient 
1. Introduction 
Over the past few decades, the issue of outdoor fire has become an important concern as they may cause significant 
property damages as well as human casualties, especially for construction-in-process buildings, where there are large 
quantities of flammable materials and ignition sources. For construction-in-process buildings, there are few fire protection 
installations and conventional point smoke and fire detectors using built-in sensors are not suitable for used outdoors. Due 
to the limitations of installation and arrangement, video based fire detection system is the best choice for outdoor fire 
detection. 
Video-based fire and flame detection algorithms had been studied by many researchers, such as Töreyin, Chen, Rizzotti, 
Liu and Ahuja et al., and various visual signatures including color, motion and geometry of fire regions were used in these 
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methods [1-4]. Çelik et al. [5] proposed a rule-based generic color model for flame pixel classification, which used YCbCr 
color space to separate the luminance from the chrominance. Marbach et al. [6] proposed an image processing technique for 
automatic real time fire detection, and the used algorithm was based on the temporal variation of fire intensity captured by a 
visual image sensor for selecting a candidate flame region. Woods et al. [7] studied the effects of transverse air flow on 
burning rates of rectangular methanol pool fires, for square pools, the variation of the burning rate while flow velocity 
change is dependent on the size of the square pool. Video based fire detection systems can be used to detect fire in large and 
open spaces, but there are many interference factors, such as airflow and illumination. The above researches didn’t study the 
influences of outdoor interference factors on flame parameters extracted from video images. 
For flame detection, most available studies were confined in a quiescent environment for enclosure fires, but for outdoor 
fire, the interference factors such as airflow and illumination can affect flame images as its height, color, contour and 
oscillation frequency. The algorithm based on researches of compartment fires cannot be directly used to solve problem of 
outdoor fire detection. Thus, it’s very important to find a stable and characteristic parameter to discriminate fires under the 
effects of outdoor interference factors. In this paper, experiments were carried out to analyze how flame parameters changed 
under different environment conditions (airflow and illumination), and the Coefficient of Variance (CV) was introduced to 
analyze the stability of flame parameters. Finally a parameter was selected and validated by the actual fire cases. 
2. Research methods 
2.1. Experimental methods 
Experiments were carried out in the standard combustion room and outdoors to extract four kinds of video flame 
parameters (RGB color, oscillation frequency, contour coefficient and area growth rate) through changing the background 
conditions (transverse airflow velocity and illumination). Experimental conditions are summarized in Table 1. 
In these experiments, flame images of tests carried out outdoors were captured in the natural light environment (Strong 
light: illumination was about 100000 Lx), and those of tests carried out in the standard combustion room were captured 
under dark conditions, and filament lamps which can provide dim light were used to simulate insufficient illumination 
(about 100 Lx); a fan was used to establish an transverse airflow with a velocity up to 12 m/s, which can simulate the 
general wind speed. Flame parameters were measured from video images obtained using a color CCD video camera. 
Table 1. Summary of experimental conditions for all tests 
Test Nos. Fuel Illumination d (m) v (m/s) 
1 Ethanol Dark 0.15 1.6 
2 Ethanol Dark 0.15 4 
3 Ethanol Dark 0.15 7.5 
4 Ethanol Dark 0.27 1.7 
5 Ethanol Dark 0.27 4.5 
6 Ethanol Dark 0.27 8 
7 Ethanol Dark 0.34 1.5 
8 Ethanol Dark 0.34 3.5 
9 Ethanol Dark 0.34 7.8 
10 Ethanol Strong light 0.15 1.2 
11 Ethanol Strong light 0.15 7 
12 Ethanol Strong light 0.27 2 
13 Ethanol Strong light 0.27 8 
14 Ethanol Strong light 0.34 1.7 
15 Ethanol Strong light 0.34 6.8 
16 Wood cribs Strong light —— 2 
17 Wood cribs Strong light —— 5.2 
18 Wood cribs Strong light —— 8 
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In these experiments, ethanol and wood cribs were used as fuel materials. Ethanol is an ideal fuel material for researching 
flame parameters, because there is no soot generated and the flame spread quickly (0.38 m/s ~ 0.58 m/s) [8]. Wood crib fires 
having advantages of combustion stability and good reproducibility are commonly used in experimental study [9]. Over the 
entire test series, three oil pans having sizes of 0.34 m × 0.34 m, 0.27 m × 0.27 m, 0.15 m × 0.15 m and heights of 0.05 m 
were used, and the height of ethanol was 0.02 m. In these experiments of wood crib fires, thirty-five woods having sizes of 
0.02 m × 0.01 m × 0.5 m were used, and a 0.05 m diameter pan with 5 g ethanol fuel was placed under the cribs, the wood 
cribs were ignited by the ethanol. 
2.2. Methods to extract flame parameters 
From the introduction it can be found that the parameters of flame RGB color, contour, oscillation frequency and area 
growth rate are usually used for video-based fire detection, these flame parameters having specific characteristics can used 
to discriminate between fire and non fire.  
RGB model was adopted to extract flame color information and the flame region was identified according to the 
characteristic of continuous change of flame color. Each digital color image is composed of three color planes: red, green, 
and blue (R, G, and B). Flame contour is defined as the ratio of perimeter of the candidate region to the area, and it is 
normalized as the following Eq. (1) [10].  
( )1 2 1 22p AπΩ = ×
                                                                                       
(1) 
where p represents the number of pixels of the perimeter of the region and A represents the number of pixels of the flame 
region. Ω  is normalized such that a circle would result in Ω  having a value of unity. As the complexity of a shape 
increases (i.e., the perimeter increase with respect to the area) the value associated with Ω  increases. 
Fast Fourier transform is used to analyze the flicker frequency of the flames from the image frames. By Fourier 
transform, a flame signal is transformed from time domain to the frequency domain. For each observation, the frequency 
response curve is obtained and the highest peak in the frequency response curve represents the main flicker frequency for 
the given operating condition. 
Flame area is calculated based on thresholding method; it segments the object region and classifies the resulting object 
pixels based on a defined pixel value threshold. The flame area growth rate is adopted and described as the Eq. (2). 
( )( ) ( )1 1n n nG A A A− −= −
                                                                                    
(2) 
where An represents the number of pixels of the flame region at the current time. 
2.3. Methods to analyze the stability of flame parameters 
The Coefficient of Variance (CV) was introduced to analyze the stability of flame parameters. The Coefficient of 
Variance abbreviated as CV can be used to determine how much variance there is in the data, and it is a useful statistic for 
comparing the degree of variation from one data series to another. CV is a dimensionless number independent of the units of 
measurements. So when comparing between data sets with different units or different averages, CV should be used for 
comparison instead of the standard deviation. CV is defined as the ratio of standard deviation to the mean, see Eq. (3).  
CV σ μ=
                                                                                                
(3) 
where  = standard deviation,  = mean (average). The smaller the CV value is and the better stability of the data has. 
3. Results and discussion 
3.1. Flame color 
For the tests carried out in the standard combustion room, the flame color (RGB components) of ethanol fires reaches 
saturation for the influence of background illumination, the values of R, G and B components are all 255 (R = G = B = 255), 
and flame color is independent of wind speed and pool size. 
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Fig. 1. Flame color components of (a) ethanol fires (test 12-15) with sufficient illumination and (b) wood crib fires for test 16 -18 with sufficient 
illumination. 
Flame color components of ethanol fires for test 12-15 are illustrated in Fig. 1(a), and flame color components of wood 
crib fires are illustrated in Fig. 1(b), it can be found that the values of R, G and B components are independent of wind 
speed and oil pan diameter and they fluctuate around a value respectively (R~240, G~220, B~200). However, for these 
results, flame RGB color from tests carried out under strong light conditions and dark conditions indicates that illumination 
has effect on the distribution of flame color components. 
3.2. Flame contour coefficient 
Flame contour reflects the complexity of flame shape, it is dependent on the mixing zone of fuel and air in order for 
combustion to occur, the factors which can affect the mixing zone of fuel and air can influence flame contour. The 
normalized flame contour coefficients extracted from images of test 1-15 are shown in Fig. 2(a)-(b), which indicates that the 
values of flame contour coefficients fluctuate between 1.0 and 3.0, oil pan diameter and airflow velocity are found to have 
little influence on flame contour coefficients. The normalized flame contour coefficients extracted from images of test 16-18 
are illustrated as a function of time (frame) in Fig. 2(c), which indicates that the flame contour coefficients of wood crib 
fires increase with time increase which is different from results of ethanol fires, that is because the complexity of 
combustion region increases with flame spread of wood crib fires which results in flame contour coefficients increase. 
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Fig. 2. Flame contour coefficients of (a) ethanol fires with insufficient illumination (test 1-9) and (b) ethanol fires with sufficient illumination (test 10-16) 
and (c) wood crib fires (test 17-18) outdoors with sufficient illumination. 
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On the other hand, the flame contour coefficients fluctuate between 1.0 and 3.0 with the development of the wood crib 
fires. The flame shape of wood crib fire is more complex than that of ethanol fire, because the shape of fuel region for wood 
crib fire is more complex. Similar to Fig. 2(a) and (b), it is evident that the flame contour coefficients are agreement with 
the ethanol fire results that flame contour is independent of airflow. 
For our experiment, the ethanol fire (square pool size: 0.05 m < d < 1 m) in quiescent environment is in the transitional 
stage from laminar to turbulent combustion [11], the flame shape is very complex. Under the wind speed of the experiment, 
though flame shape can be affected when the airflow velocity changes [12], the chemical reaction rate is so fast that the 
mixing zone of fuel and air cannot be too complex, which results that flame contour coefficient cannot be too large and 
fluctuates within a certain range. 
3.3. Flame oscillation frequency and area growth rate 
The flame oscillation frequency has been compared under different oil pan diameters and wind velocities conditions, 
experimental conditions were summarized in Table 1. Cetegen et al. indicated that puffing was primarily a result of buoyant 
flow instability and the puffing frequency was found to be closely connected with convection within one diameter height 
above the source of a pool fire or plume [13]. For buoyancy-controlled pool fires, the existence of the premixing zone at the 
flame base is not clear while for turbulent plumes or pool fires under the experimental conditions (three different wind 
velocities), the mixing of fuel and air was strengthened, and the plumes exhibited weak puffing. 
The amplitudes of ethanol fires and wood crib fires under different illumination conditions are shown in the Fig. 3. It is 
found that flame flicker frequency approaches to 0 Hz, and there is no main flicker frequency and the flame flicker 
frequency is unstable because of the influence of airflow. Compared test 1-18, it can be found that the flame oscillation 
frequency is unstable which is affected by airflow no matter under strong light condition or dark condition. 
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Fig. 3. Flame oscillation frequency of (a) ethanol fires with insufficient illumination (test 1-9) and (b) ethanol fires with sufficient illumination (test 10-15) 
and (c) wood crib fires outdoors with sufficient illumination (test 16-18). 
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Fig. 4. (a) Flame area and (b) area growth rate of wood crib fires with sufficient illumination (test 16-18). 
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In this paper, wood crib fires are selected to study the flame parameter of area growth rate because the time of ethanol 
fires from burning to combustion stability stage is short. The flame area extracted from images of test 16-18 are illustrated 
as a function of time in Fig. 4(a), which indicates that flame area increases with time increases while flame spread velocities 
decrease with flow velocity increases, the flame area of wood crib fires under flow velocity of 2 m/s is larger than that of 
wood crib fires under flow velocities of 5.2 m/s and 8 m/s, that’s because the flame was swept back further and eventually 
adopts the structure of a tilted flame at higher transverse airflow speeds. Flame area growth rate shown as a function of time 
in Fig. 4(b) indicates that it has a large fluctuation under the experimental conditions. 
3.4. Stability analysis of flame parameters 
The experimental conditions and the calculated CV values are summarized in Table 2.                    
Table 2. Coefficient of variation of flame parameters for all tests 
Test Fuel Illumination d (m) v(m/s) Color R Contour Frequency Area growth rate 
1 Ethanol Dark 0.15 1.6 Saturation 0.19 
No main 
Frequency —— 
2 Ethanol Dark 0.15 4 Saturation 0.21 
3 Ethanol Dark 0.15 7.5 Saturation 0.19 
4 Ethanol Dark 0.27 1.7 Saturation 0.17 
5 Ethanol Dark 0.27 4.5 Saturation 0.17 
6 Ethanol Dark 0.27 8 Saturation 0.21 
7 Ethanol Dark 0.34 1.5 Saturation 0.18 
8 Ethanol Dark 0.34 3.5 Saturation 0.14 
9 Ethanol Dark 0.34 7.8 Saturation 0.16 
10 Ethanol Strong light 0.15 1.2 0.078 0.20 
No main 
Frequency —— 
11 Ethanol Strong light 0.15 7 0.023 0.37 
12 Ethanol Strong light 0.27 2 0.069 0.22 
13 Ethanol Strong light 0.27 8 0.088 0.21 
14 Ethanol Strong light 0.34 1.7 0.075 0.32 
15 Ethanol Strong light 0.34 6.8 0.06 0.22 
16 Wood cribs Strong light —— 2 0.038 0.39 
No main 
Frequency 
4.09 
17 Wood cribs Strong light —— 5.2 0.08 0.41 9.15 
18 Wood cribs Strong light —— 8 0.079 0.40 7.11 
 
Compared the calculated Coefficients of Variance of each flame parameter, the following results can be found: 
• Flame color reaches saturation under dark condition while CV of flame color is the minimum of the four parameters with 
sufficient illumination. It means that flame RGB color is affected by illumination. 
• The flame Contour coefficient is independent of wind velocity no matter it is in dark environment or sunshine 
environment, and the CV value is always small. 
• The flame frequency is unstable which approaches to 0Hz due to the interference of wind speed. 
• For the growth rate of flame area, the CV value is very large. 
Under the comprehensive comparison of the four parameters, the stability order is contour coefficient > RGB color > 
area growth rate > oscillation frequency. 
4. Validation tests 
In this paper, CCTV building fire is selected to verify the experimental results. A large fire occurred in China Central 
Television Station building, Beijing, China, Feb. 10, 2009, which was caused by displaying fireworks. We use the dataset of 
CCTV building fire at http://v.youku.com/v_show/id_XNzEwNDcxNzY=.html/ for experiments. Flame color, contour 
coefficients and frequency of CCTV building fire are shown in Fig. 5(a)-(c), and the flame area growth rate cannot be 
extracted because the time of the video that can be intercepted is too short. 
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A test fire outside of construction-in-process building was carried out, the burning materials are bamboo boards which 
are commonly used in civil construction in process, and wind velocity was 0.5 m/s. The flame parameters are shown in Fig. 
6. It is evident that flame RGB color and contour coefficient are stable, and there is no main frequency which tends to 0 Hz.  
Table 3. Coefficient of variation of flame parameters for two examples 
Cases Fuel v(m/s) Color/R Contour Frequency  Area growth rate 
CCTV building fire Composite-material —— 0.02 0.17 
No main 
Frequency —— 
Construction-in-process 
building fire Bamboo board 0.5 0.05 0.29 
No main 
Frequency 4.03 
0 40 80 120 160 200
0
50
100
150
200
250
300
 R
 G
 B
 
C
ol
or
 c
om
po
ne
nt
 v
al
ue
s
Frame(a)
0 40 80 120 160 200
0
1
2
3
4
5
6
(b)
 Contour coefficient
C
on
to
ur
 c
oe
ffi
ci
en
t
Frame
0 2 4 6 8 10 12 14
0.0
0.1
0.2
0.3
0.4
0.5
 
 Amplitude
A
m
pl
itu
de
Frequency(c)  
Fig. 5. Flame parameters of CCTV building fire: (a) RGB color; (b) contour coefficients; (c) oscillation frequency. 
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Fig. 6. Flame parameters of construction in process fire: (a) RGB color; (b) contour coefficients; (c) oscillation frequency; (d) area growth rate. 
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The CV values of the flame parameters (RGB color, contour, frequency and area growth rate) are summarized in Table 3. 
The flame color (R) and flame contour coefficient are independent of wind velocity as shown in Fig. 5-6 and the result that 
there is no main frequency can also be found, the CV values of flame color (R) and flame contour coefficient are smaller, 
which are in excellent agreement with the above experimental results. 
5. Conclusions 
Experiments were carried out in the standard combustion room and outdoors for investigating the characteristics of four 
candidate flame parameters (RGB color, oscillation frequency, contour and area growth rate) of ethanol fires and wood crib 
fires under different transverse airflow velocity and illumination conditions, and the Coefficient of Variance (CV) was 
introduced to analyze the stability of these flame parameters. The experimental results were validated by processing the 
videos of CCTV building fire and construction-in-process building fire. From the experimental results, it can be found that 
the four flame parameters can be influenced by transverse airflow velocity or illumination conditions. The major 
conclusions are as follows: 
• RGB component of flame color are saturated under dark condition while R, G and B components fluctuate around a 
value respectively (R~240, G~220, B~200) under strong light conditions. CV of flame color (R) is the minimum of the 
four parameters under strong light condition. It means that flame RGB color has disadvantage of illumination 
dependence. 
• The flame Contour coefficient is independent of wind velocity no matter it is in dark environment or sunshine 
environment, and the CV value is always in stable state. 
• The flame frequency is unstable under the transverse airflow conditions, the mixing of fuel and air was strengthened, and 
the plumes exhibited weak puffing, the flame frequency approaches to 0 Hz due to the interference of wind speed, there 
was no main frequency. 
• For the growth rate of flame area which has large fluctuation under the experimental conditions, the CV value is very 
large. 
Under the comprehensive comparison of the four parameters, the stability order is contour coefficient > RGB color > 
area growth rate > oscillation frequency. For the four flame parameters, flame contour coefficient is the optimal parameter 
for video detection when considering the interference of transverse airflow and illumination. 
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